A novel planar printed log-periodic dipole array (LPDA) antenna fed by tapered microstrip line (MSL) to double sided parallel strip line (DSPSL) is proposed in this paper. The proposed antenna adopts MSL feeding approach from backside. Using this feeding technique makes the printed LPDA antenna easier to be integrated into radio frequency (RF) circuits. In this paper, four layers are used to construct the antenna. The four layers of the printed LPDA antenna are printed on three thin dielectric substrates which are integrated together. To validate this approach, a printed LPDA antenna is simulated and fabricated for operating in the S and C bands (2.5-6 GHz). The antenna showed a good result over the whole frequency range with 2 : 1 VSWR, an average gain of 6.5 dB, and stable radiation patterns. The measured results are in very good agreement with simulations.
Introduction
With the development of RF integrated circuits and systems, antennas have received more and more attention for their bulky and outstanding properties in the communication systems. Moreover, there are more than one antenna in a system in most cases. In order to reduce the complexity of the system, a broadband antenna that can be applied to multiple frequency bands is necessary. For the demand of ultrawide bandwidth, low profile, light-weight, and easyto-manufacture and integration, the printed LPDA antenna [1] is a good candidate to comply with all these requirements. The printed LPDA antenna also can be designed following the suggestion given by Carrel [2] . Feeding techniques are the crucial point in designing LPDA antennas especially in designing the printed LPDA antennas. Since a printed LPDA antenna is a balanced structure, a balun is often used between the transmission line and the antenna. The DSPSL has been used for many transitions [3] and antennas [4] for its balanced transmission and wideband transitions. Due to the end-fire radiation characteristics of the LPDA antenna, most of the printed LPDA antennas are fed by a DSPSL from head of the antenna. Therefore, an extra transmission line must be used in the feeding technique.
Usually a coaxial cable is used to excite the LPDA antennas [5, 6] . This feeding technique presents some drawbacks such as the difficulty of soldering process and can deteriorate both the radiation pattern and the antenna matching. To overcome the shortcomings of this feeding technique, an ultrawideband planar LPDA antenna with mode converter balun is designed in [7] and an antenna is designed by introducing a subsectional tapered feed line instead of standard MSL feeding in [8] . However, these feeding techniques feed from head of the antenna. Undoubtedly, they increase the integration difficulties between the printed LPDA antenna and RF circuits. Thus, to seek a planar feeding technique from backside is necessary. A microwave printed planar LPDA antenna analysis and design procedure is presented together with the description of a planar feeding technique in [9, 10] . These feeding techniques use a strip line. It is also difficult to be integrated with the printed circuit. Also, a printed LPDA antenna fed by a coplanar waveguide (CPW) is presented in [11, 12] . However, these antennas are also somewhat complicated in terms of integration with other RF circuits. In [13] , a non-cross-feeding structure is adopted to avoid the feeing technique with coaxial line. But feeding on long dipole in this antenna leads to the decline of efficiency and the limitation of bandwidth. In this paper, a printed LPDA antenna fed by a MSL to DSPSL from backside is described. MSLs are the very familiar transmission lines which are often employed to feed the printed antennas. In order to realize the planar feeding technique, a tapered microstrip balun [14, 15] , which is a transform of MSL to DSPSL, is used. A tapered microstrip balun is relatively easy to manufacture compared to the above feeding techniques and easy to connect with the external SMA connectors or other RF circuits. The drawback is that this antenna uses a four-layer circuit board instead of two-layer circuit board with respect to other antennas. The proposed antenna can satisfy many communication systems, such as WiMAX (3.3-3.6 GHz), C-band satellite communication systems (3.7-4.2 GHz), and WLAN (5.15-5.825 GHz).
Antenna Design and Configurations
General configuration of LPDA antennas is described by the scaling factor = +1 / = +1 / = +1 / , where is the distance between the th element and the ( +1)th element and and are the length and width of the th element, respectively. The spacing factor is = /2 [16] . In this paper, it is intended to design a printed LPDA antenna with VSWR < 2 and a gain of 7 dB to cover the frequency range from 2.5 GHz to 6 GHz. The basic parameters are = 0.86 and = 0.12. The substrate includes three parts and every part of the substrate uses a Rogers RO4003 substrate with relative dielectric permittivity = 3.38, thickness = 0.5 mm, and loss tangent = 0.0027. Thus, the total thickness of the printed LPDA antenna is approximately 1.6 mm. The lengths of the dipoles are related to the effective dielectric constant of the substrate. At last, the final parameters are confirmed by the simulation software. The simulation is done employing the electromagnetic software CST Microwave Studio. The dipoles of the printed LPDA antenna, shown in Figure 1(a) , are numbered 1, 2, . . . , . The total number of elements of is 10 to ensure bandwidth allowance. The tuned parameters of the dipoles are given in Table 1 . The antenna elements are printed on a four-layer substrate. The dipoles of the printed LPDA antenna are printed on the top layer and bottom layer. The configuration of the proposed antenna is shown in Figure 1(b) .
The transmission lines are printed on the second layer and third layer. The second layer is connected to the 50 Ω SMA connector. The third layer is connected to the ground of the SMA. The MSL to DSPSL tapered transition geometry consists of a ground plane, which is gradually converted into a strip. The characteristic impedance of the MSL is chosen to be equal to 50 Ω for obtaining an easy matching with the standard SMA connector or other RF circuits. Thus the values of parameters , , and ℎ are gotten. DSPSL 1 is printed on the second layer and third layer. The characteristic impedance of the DSPSL 1 is chosen to be 50 Ω to match with the MSL and the DSPSL 2.
The width of the transmission line DSPSL 2 on the top layer and bottom layer is the same width with DSPSL 1. The width of the DSPSL 1 and DSPSL 2 is wk. The value of the parameter wk is 1.5 mm, which is calculated from theory of transmission line. The MSL and DSPSL are shown in Figure 1(a) . The parameter kl has a great impact on the antenna matching. In addition to the parameter kl, the other parameters use the values in Tables 1 and 2 . To seek a suitable value of this parameter, the proposed antenna is simulated under different values of parameter kl. The results are shown in Figure 2 . When the length of kl is 6 mm, the best impedance matching can be gotten. The tuned parameters of the transmission lines are given in Table 2 . At last, the four layers are integrated together, shown in Figure 1(b) , by using three separate substrates. The width and length of the substrate are also depicted in Table 2 . The Via 1 connects the top layer and the second layer at the head of the antenna. The Via 2 connects the third layer and the bottom layer at the head of the antenna in the same way. So this way provides a balun to excite the printed LPDA antenna. The Via 3 connects the top layer and bottom layer. A terminal resistor with 50 Ω is connected to the open end of the printed LPDA antenna to absorb the residual power.
Results and Discussion
Usually the electromagnetic energy supplied by the signal source is transmitted from the vertex along the transmission line in the printed LPDA antenna. Only the elements with lengths close to the resonant length can radiate. We call these elements the active region. Figure 3 shows the distributions International Journal of Antennas and Propagation of current density when the antenna works at varied frequencies. From the amplitude of the current density in this figure, we can see that the active region in the proposed antenna moves to the shorter dipoles with the frequency becoming larger. From the vertex to the active region and from the active region to the end of the antenna, the amplitude of the current density is very small and its radiation effects can be ignored.
To experimentally validate the presented concept, theantenna described above is fabricated and shown in Figure 4 . All the parameters in the fabricated antenna are obtained by the simulation. The measured contents include VSWR, gain, and radiation pattern. The simulated and measured frequency responses of VSWR are shown in Figure 5 , which clearly show that a bandwidth (2.5-6 GHz) within VSWR < 2 is achieved. It is found that the input impedance changes a little with the frequency changes.
Simulated and measured realized gain are shown in Figure 6 . It is clear that, for much of the frequency range, the peak gain is quite stable and greater than 6 dBi. Simulated and measured radiation patterns of the antenna are shown in Figure 7 . Referring to the orientation of the fabricated antenna in Figure 4 , the E-plane in Figure 7 is the yz-plane in Figure 4 and the H-plane in Figure 7 is xz-plane in Figure 4 . With the frequency changes, the radiation patterns remain relatively unchanged. According to the simulation results, the cross-polarization is not shown since it is always below −30 dB with respect to the copolarization. The measured antenna and the traditional LPDA antenna, but the feeding technique in this paper is more compact. Some of the recently reported antennas are listed in Table 3 . It is noticed from the comparison in this table that this paper provides a novel feeding technique for the printed LPDA antenna.
Conclusion
A printed LPDA antenna with a novel feeding technique is proposed in this paper. Comparison between simulated and measured results has proven the suitability of this approach. The antenna showed a good result over 2.5 to 6 GHz frequency range with 2 : 1 VSWR, an average gain of 6.5 dB, and stable radiation patterns. The use of a tapered MSL balun allows a simple realization, is of low cost and compact size, and is easy to connect with the external SMA connectors or other RF circuits.
